Introduction {#Sec1}
============

Half of the USA's industrial energy is consumed in separation processes, among which 49% of separation costs are for distillation^[@CR1]^. To ensure a sustainable future, it is necessary to establish new-energy-saving purification systems, such as gas permeation with membranes and gas adsorption with porous materials. Pressure vacuum swing adsorption (PVSA) and temperature swing adsorption (TSA) processes are much more energy efficient than distillation. However, it is difficult for these techniques to achieve high-throughput separation, which requires system enlargement, because they cause pressure loss and crushing of adsorbents at the bottom of the adsorption column. One potential solution to this problem is to rapidly operate a PVSA process to increase the flow rate of the gas without enlarging the system size. This technique, so-called rapid PVSA, is currently widely investigated and recognized as a possible strategy^[@CR2]--[@CR4]^. However, the rapid PVSA process is also limited in that the short-term cycle makes the system more adiabatic; thus, the generation of heat of adsorption and resulting amount of the decrease in adsorption is more serious than in the case of the normal PVSA process. The coexistence of adsorbents and phase change materials as latent heat storage mediums in a column may solve this problem^[@CR5]^, though such a coexistence requires system enlargement. Therefore, to achieve a high-throughput separation system, innovative adsorption materials that exhibit a large loading capacity, high selectivity, and minimal heat of adsorption are required. Such ground-breaking materials must have completely different characteristics than conventional materials because high affinity and low heat of adsorption are essentially conflicting.

For a dozen years, metal--organic frameworks (MOFs) have been extensively studied as promising porous materials, as their designable framework structures can provide desirable adsorption properties. Moreover, flexible MOFs have attracted great attention as a result of their peculiar "gate-opening" and "breathing" behaviour, which is a structural transition phenomenon induced by guest adsorption^[@CR6]--[@CR11]^. The gate-opening and breathing effects induce stepwise change in the amount adsorbed at a specific gas pressure, which engenders larger working capacities and higher selectivities than the conventional adsorbents do. This is schematically illustrated in Fig. [1a,b](#Fig1){ref-type="fig"}; therein, the classical Langmuir-type adsorption isotherm is shown. Furthermore, it has been recently reported that flexible MOFs possess "intrinsic thermal management" capabilities^[@CR12],[@CR13]^. Namely, the exothermic heat associated with guest adsorption is partially offset by the endothermic expansion of the host framework during gate-opening. The opposite phenomenon occurs during gate-closing based on the relationship between the endothermic heat of desorption of the guest and the exothermic shrinkage of the host. These effects are not observed for conventional adsorbents with rigid frameworks, but they are desired features for the rapid PVSA process: resulting from the suppressed heating impact owing to the adsorption and cooling from desorption, the CO~2~ loading and working capacities of flexible MOFs during the rapid PVSA cycle can be much larger than those of conventional adsorbents (Fig. [1c](#Fig1){ref-type="fig"}).Fig. 1Advantages and disadvantages of flexible metal--organic frameworks (MOFs).**a** Stepwise change in the amount adsorbed due to the gate-opening of the flexible MOF, X, can provide a larger working capacity when the same pressure swing is considered for the flexible MOF and the conventional adsorbent, Y. **b** For a gas mixture adsorption (components *α* and *β*), the flexible MOF can give higher selectivity for component *α* than the conventional adsorbent can give, because the gate-opening is a kind of molecular recognition; in this case, the flexible MOF can only accommodate component *α* and shows gate-opening. **c** When an adiabatic gas adsorption is considered, the temperature rise of the system for the flexible MOF, Δ*T*~X~, is smaller than that for the conventional adsorbent, Δ*T*~Y~, and the resulting decrease in the adsorption amount can be suppressed because of the smaller net heat of adsorption of the flexible MOF owing to its intrinsic thermal management capability. **d** The flexible MOF cannot adsorb component *α* when the partial pressure of *α* in a gas mixture decreases below the inherent gate-opening pressure of the flexible MOF, *P*~*α*~^gate^. Thus, a pure effluent gas (component *β*) cannot be obtained at the end of the adsorption column ("slipping-off" phenomenon).

To demonstrate that the flexible MOFs can be breakthrough materials for actual high-throughput separation processes, the following three issues require clarification. The first involves the time constant for the gate-opening; the duration of the feed operation of a rapid PVSA process should be short (i.e., a few tens of seconds). Namely, the gate-opening accompanying the structural deformation of the host framework must respond quickly to the gas feed and be accomplished considerably faster than the cycle time. Second, the separation properties must be retained for operations under non-isothermal conditions. To the best of our knowledge, the intrinsic thermal management capability of flexible MOFs for such a condition has not been discussed. The third issue involves solving the "slipping-off" phenomenon of the flexible MOFs; flexible MOFs cannot adsorb guest molecules when the partial pressure of the guest in a gas mixture flowing in an adsorption column decreases below its specific gate-opening pressure. This has not been recognized as a major challenge in the development of gas separation systems using flexible MOFs, as it was first reported by Horike et al.^[@CR14]^. However, this is a crucial matter when considering the separation for a binary mixture (*α* and *β*): using a flexible MOF that exhibits gate-opening only for component *α*, the pure component *β* cannot be obtained at the outlet of an adsorption column because of the slipping-off of component *α* from the adsorption column (Fig. [1d](#Fig1){ref-type="fig"}).

Here, we focus on ELM-11 (\[Cu(BF~4~)~2~(4,4′-bipyridine)~2~\]~n~)^[@CR15],[@CR16]^, which has a flexible framework and shows a typical gate adsorption for CO~2~ at ambient temperatures, as an adsorbent for CO~2~/CH~4~ gas mixture separation. The separation of CO~2~/CH~4~ gas mixtures such as those found in natural gas and landfill gas have gathered attention in the field of carbon capture and storage technologies^[@CR17]--[@CR19]^. First, we reveal that the gate-opening/closing behaviour of ELM-11 for CO~2~ is sufficiently fast in response to the increasing/decreasing of CO~2~ gas pressure by time-resolved in situ synchrotron X-ray powder diffraction (XRPD) measurements. Second, we compare the CO~2~ separation characteristics (uptake, selectivity, working capacity, and regenerability) of ELM-11 and HKUST-1 (\[Cu~3~(1,3,5-benzenetricarboxylate)~2~\]~n~)^[@CR20]^ having a rigid framework that was reported as the most promising adsorbent for landfill gas separation^[@CR17]^. We then illustrate the superiority of ELM-11, assuming a rapid PVSA process for landfill gas separation (CO~2~:CH~4~ = 50:50) composed of the following four elementary steps: (i) pressurization and adsorption of an equimolar CO~2~/CH~4~ mixture at 500 kPa, (ii) depressurization and rinsing with pure CO~2~ at 250 kPa, (iii) desorption at 15 kPa, and (iv) purging with pure CH~4~ at 15 kPa. We finally show that the issue of the slipping-off phenomenon can be solved by improving the adsorption column from an operational point of view, and we demonstrate that our proposed rapid PVSA process using flexible MOFs is an advanced adsorption system for CO~2~ separation.

Results {#Sec2}
=======

Pressure-aided fast gating of the flexible MOF {#Sec3}
----------------------------------------------

We investigated the rate of structural transition on gating of ELM-11 by time-resolved in situ synchrotron XRPD measurements. Figure [2a,b](#Fig2){ref-type="fig"} show that the structural transition of ELM-11 started immediately after the introduction of CO~2~ at 40.8 kPa and 273 K, and was accomplished in \~10 s. We also confirmed that ELM-11 accommodating CO~2~ responded quickly to the decrease in gas pressure at 273 K: the structural transition was completed in 5 s when the CO~2~ pressure was decreased at the rate of 2.4 kPa s^−1^ (Fig. [2c,d](#Fig2){ref-type="fig"}, and Supplementary Fig. [1](#MOESM1){ref-type="media"}). Time development of the fraction of the open phase by introducing \~41 kPa of CO~2~ at 273, 264, and 241 K is shown in Fig. [2e](#Fig2){ref-type="fig"}, and that of the closed phase is shown in Fig. [2f](#Fig2){ref-type="fig"}; it can be seen that the rate of phase transition increases as the temperature decreases under the same CO~2~ pressure. We also investigated the dependence of the rate of phase transition on the pressure at 227 K, as shown in Fig. [2g,h](#Fig2){ref-type="fig"}, and found that the rate of structural transition increased with increasing CO~2~ pressure, and the phase transition was completed within a few seconds at the highest gas pressure. Furthermore, these data were found to obey the Kolmogorov--Johnson--Mehl--Avrami (KJMA) equation^[@CR21],[@CR22]^, as drawn with solid lines in Fig. [2e--h](#Fig2){ref-type="fig"}. The obtained parameters are summarized in Supplementary Table [1](#MOESM1){ref-type="media"}. The KJMA parameters for the open and closed phases under the same experimental conditions are in good agreement within the fitting errors, although the errors for the closed phase are mostly larger than those for the open phase because of the lower intensity of the 020 reflection of the closed phase. Figure [2i](#Fig2){ref-type="fig"} shows the relation between the rate constant of the KJMA equation and the pressure difference, *P* − *P*^gate^, where *P* is the CO~2~ pressure introduced into the glass capillary with ELM-11 and *P*^gate^ is the gate-opening pressure. We found that a characteristic curve in proportion to *P* − *P*^gate^ could be drawn for all the rate constants of the open phase investigated. The constant of proportionality was determined to be 12.0 ± 0.5 s^−1/*n*^ MPa^−1^ by least-squares fitting of Eq. ([3](#Equ3){ref-type=""}). This suggests that the rate constant only depends on the CO~2~ gas pressure and the temperature, which controls the gate-opening pressure, and that the gate-opening rate is amplified by the CO~2~ pressure exerted on ELM-11. This equation tells us that it takes only 1.5 s for ELM-11 to achieve 95% structural transition when CO~2~ gas of 250 kPa is introduced at 298 K. This feature is particularly suitable for the rapid PVSA proposed in the later section.Fig. 2Time-resolved in situ synchrotron X-ray powder diffraction (XRPD) measurements.**a** Colour map of XRPD patterns for CO~2~ adsorption on ELM-11 at 273 K and a constant pressure of 40.8 kPa. **b** Normalized peak intensities (fractions of the phase transformed) from the 002 reflection at 6.1° for the open phase and the 020 reflection at 10.2° for the closed phase shown in **a**. The two solid lines after 4.15 s were obtained by fitting of the Kolmogorov--Johnson--Mehl--Avrami (KJMA) equation. **c** Colour map of XRPD patterns for CO~2~ desorption at 273 K during pressure depression from 100 to 3.8 kPa (the change in CO~2~ pressure is shown in Supplementary Fig. [1](#MOESM1){ref-type="media"}). **d** Fractions of the phase transformed from the 002 reflection for the open phase and the 020 reflection for the closed phase shown in **c**. **e** Fractions of the phase transformed for the open phase and **f** for the closed phase at 40.8  kPa and 241 K, at 41.0 kPa and 264 K, and at 40.8 kPa and 273 K. The numbers in **e** and **f** denote the temperature. **g** Fractions of the phase transformed for the open phase and **h** for the closed phase at 227 K as a function of the CO~2~ pressure. The numbers in **g** and **h** denote the CO~2~ gas pressure in kPa introduced. The curves after 4.15 s in **e**--**h** were obtained by fitting of the KJMA equation. **i** Relationship between the rate coefficients and the pressure difference between the CO~2~ gas pressure, *P*, and the gate-opening pressure, *P*^gate^. The error bar represents the standard deviation of the value obtained using the least-square fitting of the KJMA equation to the experimental data (*n* ≥ 3, *n*: number of experimental points used for fitting). The rate coefficients used in this plot are those for the open phase tabulated in Supplementary Table [1](#MOESM1){ref-type="media"}. The solid line in **i** was obtained from the least-squares fitting of Eq. ([3](#Equ3){ref-type=""}).

It is also worth noting that the exponents of the KJMA equation, *n*, obtained from all the data for the open phase were 1.2−1.3, which indicates the quasi-one-dimensional growth of the open phase of ELM-11^[@CR21]^. This is indeed consistent with the mechanism of gate-opening predicted in the previous study:^[@CR23]^ one-dimensional channels composed of the stacked two-dimensional square grid layers are formed in ELM-11 once the interlayer distance is increased, and simultaneously, the CO~2~ molecules penetrate through the one-dimensional channels (Supplementary Fig. [2](#MOESM1){ref-type="media"}), i.e. the formation of the open phase encapsulating CO~2~ proceeds along the one-dimensional direction.

Adsorption properties under isothermal conditions {#Sec4}
-------------------------------------------------

Figure [3a](#Fig3){ref-type="fig"} shows the experimental single-component adsorption isotherms for CO~2~ and CH~4~ on HKUST-1 at 298 K; the data were taken from the Virial--Langmuir equations experimentally determined by Chowdhury et al.^[@CR24]^. The total and component adsorption isotherms of an equimolar CO~2~/CH~4~ mixture on HKUST-1 at 298 K, and the selectivity of CO~2~ over CH~4~, were evaluated by the ideal adsorbed solution theory^[@CR25]^ using the experimentally obtained single-component adsorption isotherms; the obtained data are shown in Fig. [3b](#Fig3){ref-type="fig"}. Figure [3c](#Fig3){ref-type="fig"} depicts our experimentally obtained single-component adsorption isotherms for CO~2~ and CH~4~ on ELM-11 at 298 K together with their theoretical adsorption isotherms obtained by grand canonical Monte Carlo (GCMC) simulations using the quenched open framework structure of ELM-11, which was determined by the Rietveld method for pure CO~2~ gas adsorption at 298 K^[@CR23],[@CR26]^. The plateau of the simulated adsorption isotherm for CO~2~ on the quenched open framework was in good agreement with that of the experimentally obtained one for CO~2~ on ELM-11, demonstrating the validity of our GCMC simulations. The fictitious GCMC isotherm for CH~4~ on the quenched open framework shows low adsorption, even though the framework has voids to accommodate CH~4~ molecules, which is due to the weak solid--fluid interactions. In contrast, the experimental isotherm of CH~4~ shows no adsorption, which is because the affinity of CH~4~ is too weak to pry open the framework of ELM-11. We also performed in situ XRPD measurements of ELM-11 in vacuo and after adsorption of CO~2~ gas (50 kPa), CH~4~ gas (50 kPa), and an equimolar mixture of CO~2~/CH~4~ gas (94 kPa) at 273 K, respectively, which are shown in Fig. [4a](#Fig4){ref-type="fig"}. The XRPD pattern of ELM-11 exposed to CH~4~ gas was the same as that in vacuo, and the XRPD pattern of ELM-11 after adsorption of the CO~2~/CH~4~ gas mixture perfectly coincided with that after gate adsorption of CO~2~. This strongly suggests that the open framework structure of ELM-11 after the adsorption of the equimolar CO~2~/CH~4~ gas mixture is the same as that after the adsorption of pure CO~2~. Hence, we computed the total and component adsorption isotherms of the equimolar CO~2~/CH~4~ gas mixture and the selectivity of CO~2~ over CH~4~ by GCMC simulations using the open framework structure of ELM-11 for pure CO~2~. The obtained results are shown in Fig. [3d](#Fig3){ref-type="fig"}.Fig. 3Adsorption properties of HKUST-1 and ELM-11 under isothermal conditions.Single-component adsorption isotherms of CO~2~ and CH~4~ at 298 K on **a** HKUST-1 from the experimentally determined Virial−Langmuir equations^[@CR24]^ and **c** ELM-11 (filled symbols: experimental adsorption data, open symbols: experimental desorption data, lines: adsorption data simulated by grand canonical Monte Carlo (GCMC)). Total and component adsorption isotherms of an equimolar mixture of CO~2~ and CH~4~ at 298 K for **b** HKUST-1 evaluated by the ideal adsorbed solution theory^[@CR25]^ and **d** ELM-11 simulated by GCMC. The abscissae of **b** and **d** correspond to the partial pressures of CO~2~. Black filled circles represent the points at which the corresponding pressures were applied in the four elementary steps of the rapid pressure vacuum swing adsorption (PVSA) process. **e** CO~2~ separation characteristics of HKUST-1 and ELM-11 assuming PVSA under isothermal conditions at 298 K.Fig. 4Framework structures of ELM-11 and HKUST-1.**a** In situ X-ray powder diffraction patterns (Cu Kα) of ELM-11 in vacuo and after adsorption of CO~2~ gas (50 kPa), CH~4~ gas (50 kPa), and an equimolar CO~2~/CH~4~ gas mixture (94 kPa) at 273 K together with crystal structures of ELM-11 in closed and open states determined in our previous studies^[@CR23],[@CR26]^. Pore structure and CO~2~ configuration of **b** ELM-11 and **c** HKUST-1.

The compatibility of the open framework structures of ELM-11 for pure CO~2~ adsorption and equimolar CO~2~/CH~4~ gas mixture adsorption can also provide insights into the slipping-off phenomenon of ELM-11. The gate-opening of ELM-11 under the flow of CO~2~/CH~4~ mixture gas should not occur when the CO~2~ partial pressure of mixture gas falls below the gate-opening pressure of ELM-11 for pure CO~2~ adsorption. Namely, the fraction of slipping-off CO~2~ in an effluent gas can be estimated as the ratio of the gate adsorption pressure for pure CO~2~ adsorption and the total gas pressure in the adsorption column. Indeed, by using our experimental gate-opening pressure of ELM-11 for pure CO~2~, we successfully predicted the effluent fraction of CO~2~ of the experimental breakthrough curve, as described in a later section.

The separation characteristics of HKUST-1 and ELM-11, evaluated by assuming that all steps of the PVSA process were operated under isothermal conditions at 298 K, are shown in Fig. [3e](#Fig3){ref-type="fig"}. The CO~2~ selectivity, *S*^ads^, of ELM-11 was 9.5 times higher than that of HKUST-1 (ELM-11: *S*^ads^ = 82.3, HKUST-1: *S*^ads^ = 8.67). Thus, the high CO~2~ selectivity of ELM-11 arises from the fact that the GCMC adsorption isotherms for the quenched open framework at low pressures (\<50 kPa) show an overwhelmingly high affinity for CO~2~ over CH~4~, compared with HKUST-1. There has been an argument that the gate adsorption does not necessarily lead to high adsorption selectivity because guest molecules with low affinity should be adsorbed on the host framework pried open by other guest molecules with high affinity;^[@CR27],[@CR28]^ however, this is not the case for ELM-11. Specifically, the adsorption amount of CH~4~ in the open framework is much less than that of CO~2~, as shown in Fig. [3c](#Fig3){ref-type="fig"}, even though the open framework of ELM-11 provides enough space for adsorption. This is because ELM-11 provides a purpose-built framework structure for CO~2~ in terms of size and intermolecular interactions as depicted in Fig. [4b](#Fig4){ref-type="fig"}. Owing to the large pore volume of HKUST-1 (Fig. [4c](#Fig4){ref-type="fig"}), its CO~2~ uptake, $\documentclass[12pt]{minimal}
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Adsorption properties under adiabatic conditions {#Sec5}
------------------------------------------------

We evaluated the "effective adsorption properties" of HKUST-1 and ELM-11 through adiabatic separation operations, which are extreme conditions in the rapid PVSA process: the values were obtained by considering the negative effects of temperature rise/drop caused by heats of adsorption/desorption under adiabatic conditions. In this case, all of the heat generated by guest adsorption is consumed to increase the system temperature. Namely, the changes in adsorption amount and temperature in response to the pressure swing are determined such that the heat generated by adsorption is commensurate with the heat required to change the system temperature. For simplicity, the specific heat of gas can be ignored because it is much smaller than that of the adsorbent. Figure [5a](#Fig5){ref-type="fig"} depicts the heats of adsorption for HKUST-1 as a function of temperature, represented as isobars for the equimolar CO~2~/CH~4~ mixture at 500 kPa, pure CO~2~ at 250 kPa, pure CO~2~ at 15 kPa, and pure CH~4~ at 15 kPa, corresponding to the operating pressures used for the rapid PVSA process (see also Supplementary Fig. [3](#MOESM1){ref-type="media"}). The heats of adsorption and specific heat of HKUST-1 were taken from the experimental data reported by Chowdhury et al.^[@CR24]^, Kloutse et al.^[@CR29]^, and Mu et al^[@CR30]^. The green plane in Fig. [5a](#Fig5){ref-type="fig"} represents the adiabatic operating plane calculated by integrating the specific heat of HKUST-1 with respect to temperature. Starting from point **a**, the intersection point of the green plane and yellow line (298 K), we considered performing adiabatic pressurization and adsorption with the equimolar CO~2~/CH~4~ mixture at 500 kPa. The state should move from point **a** to the intersection of the red line and the green plane (point **b**), because the heat released by adsorption and the heat absorbed by the adsorbent are equal at point **b**. This means that the temperature of HKUST-1 changes from 298 to 370 K during the adiabatic pressurization and adsorption process. If we perform adiabatic depressurization and rinsing with pure CO~2~ at 250 kPa, the state moves to point **c** (366 K), where the purple line and the green plane intersect. The adiabatic desorption of CO~2~ from 250 to 15 kPa results in a significant decrease in the system temperature, as indicated by point **d** (313 K). Finally, the state moves back to point **a** on adiabatic purging of CO~2~ with a flow of a pure CH~4~ gas at 15 kPa. The adsorption amounts of CO~2~ and CH~4~ on HKUST-1 at corresponding points **a**−**d** are listed in Table [1](#Tab1){ref-type="table"}.Fig. 5Adsorption properties of HKUST-1 and ELM-11 under adiabatic conditions.Temperature dependence of heat of adsorption for **a** HKUST-1 and **b** ELM-11. Red line: adsorption of an equimolar CO~2~/CH~4~ gas mixture at 500 kPa, purple line: pure CO~2~ adsorption at 250 kPa, blue line: pure CO~2~ adsorption at 15 kPa, and yellow line: pure CH~4~ adsorption at 15 kPa. The green plane shows the heat required to change the temperature of the host framework. White arrows represent the four adiabatic operating processes of rapid pressure vacuum swing adsorption (PVSA). The starting temperature was set as 298 K. **c** CO~2~ separation characteristics of HKUST-1 and ELM-11 for PVSA assuming the adiabatic operations and the starting temperatures of 298, 283, and 263 K together with those assuming isothermal operations at 298 K. **d** Temperature dependence of net heat of adsorption for ELM-11 for adsorption of an equimolar CO~2~/CH~4~ gas mixture at 500 kPa (red), pure CO~2~ at 250 kPa (purple), pure CO~2~ at 15 kPa (blue), and pure CH~4~ at 15 kPa (yellow). Green lines are the heat balance curves when the adiabatic adsorption process starts from 298, 283, and 263 K. **e** Temperature dependence of the amount of CO~2~ adsorbed on ELM-11 for an equimolar CO~2~/CH~4~ mixture at 500 kPa (red) and that for pure CO~2~ at 15 kPa (blue).Table 1Adsorbed amounts of CO~2~ and CH~4~ and temperatures at points a−d and s−v in Fig. [5a,b](#Fig5){ref-type="fig"}.AdsorbentOperation (point)$\documentclass[12pt]{minimal}
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To evaluate the adsorption properties of ELM-11 under adiabatic conditions, the temperature dependences of the enthalpy change of guest −Δ*H*^guest^, the net heat *q*^net^, and the intrinsic thermal management capability *e* were evaluated. At 298 K, the exothermic heat Δ*H*^guest^ during the adsorption of the equimolar CO~2~/CH~4~ gas mixture at 500 kPa was 135.3 J g^−1^; however, on considering the endothermic heat consumed by the host expansion (Δ*H*^host^ = 55.7 J g^−1^)^[@CR13]^, the net heat *q*^net^ decreased to 79.6 J g^−1^, which means that *e* = 41.1% of the exothermic heat was offset. The *e* values were always \~40% over the temperature range of 248−335 K and showed a small dependence on the temperature, demonstrating the superior intrinsic thermal management capability of ELM-11 (Supplementary Fig. [4](#MOESM1){ref-type="media"}). Figure [5b](#Fig5){ref-type="fig"} shows the obtained heats of adsorption as a function of temperature for ELM-11. The isobars for the heats of adsorption for the equimolar CO~2~/CH~4~ mixture at 500 kPa and pure CO~2~ at 250 kPa show a sharp decrease at 335 K because of the gating of ELM-11. Starting from point **s** on the green plane at 298 K, the state moves to point **t** (335 K) on adiabatic pressurization and adsorption of the equimolar CO~2~/CH~4~ mixture at 500 kPa. The green plane divides the perpendicular segment of the red line at 335 K into two parts, suggesting that 54% of ELM-11 undergoes gate adsorption (Supplementary Note 1). The state moves to point **u** upon adiabatic depressurization and rinsing with pure CO~2~ at 250 kPa; however, this process does not affect the system temperature. Adiabatic desorption of CO~2~ from 250 to 15 kPa causes the system temperature to decrease to 298 K (point **v**) and results in evacuation of all the CO~2~ molecules adsorbed on ELM-11. Therefore, purging of CO~2~ is not required for ELM-11 (point **v** → point **s**); this is an advantage of flexible MOFs showing gate adsorption. The adsorption amounts of CO~2~ and CH~4~ on ELM-11 at corresponding points **s**−**v** are also listed in Table [1](#Tab1){ref-type="table"}.

The four separation characteristics of HKUST-1 and ELM-11 under adiabatic conditions are depicted in Fig. [5c](#Fig5){ref-type="fig"} together with those under isothermal conditions. Three data sets are classified in accordance with the "starting temperature", which should be set for point **a** for HKUST-1 and point **s** for ELM-11. If we set the starting temperature at 298 K, the CO~2~ uptake of HKUST-1 significantly decreases to 2.00 mmol g^−1^ in contrast to 9.08 mmol g^−1^ obtained for adsorption under isothermal conditions at 298 K, becoming comparable with that of ELM-11 (1.68 mmol g^−1^) for adiabatic adsorption. The CO~2~ selectivity, *S*^ads^, also decreases for both HKUST-1 and ELM-11 because of the temperature increase of the system (Δ*T* = 71.5 K for HKUST-1 and Δ*T* = 36.5 K for ELM-11, Table [1](#Tab1){ref-type="table"}); however, the *S*^ads^ value of ELM-11 still remains large. Furthermore, the CO~2~ working capacity of ELM-11 (1.68 mmol g^−1^) surpasses the record of HKUST-1 (1.41 mmol g^−1^).

The decrease in the starting temperature below 283 K can improve the CO~2~ uptake and working capacity of ELM-11, and all the separation characteristics of ELM-11 were found to be superior to those of HKUST-1 (Fig. [5c](#Fig5){ref-type="fig"}). This should be possible because the cyclic steady state of the PVSA process can be controlled by varying the initial temperature of the adsorption column^[@CR31]^. Fig. [5d](#Fig5){ref-type="fig"} replots Fig. [5b](#Fig5){ref-type="fig"} together with the heat balance curves assuming the starting temperatures of 283 and 263 K. The PVSA cycle becomes **s**′→**t**′→**u**′→**v**′→**s**′ by setting the starting temperature as 283 K and crossing the perpendicular segment of the red line at point **t**′. The intersection point **t**′, at a higher heat of adsorption than point **t**, refers to the increase in the ratio of ELM-11 undergoing gate adsorption, wherein the CO~2~ uptake of ELM-11 is improved (Fig. [5e](#Fig5){ref-type="fig"}). If we can further lower the starting temperature to 263 K, the heat balance curve passes through the top of the perpendicular segment of the red line, and 100% of ELM-11 becomes available. This results in significant improvements in the CO~2~ uptake and working capacity of ELM-11. The starting temperature of 263 K may seem relatively low; however, some reports have shown that the temperature of adsorption columns attains values below 273 K in the cyclic steady state^[@CR32],[@CR33]^. It should be also noted that, assuming that the system is completely adiabatic, the additional cost of cooling is unnecessary once the system cools down to the starting temperature and the cyclic steady state is established; hence, for a partially heat-insulated PVSA system, only a small amount of energy would be required for cooling to maintain the cyclic steady state.

In comparing the adsorption properties under the isothermal conditions and the adiabatic conditions for each adsorbent (Fig. [5c](#Fig5){ref-type="fig"}), the adsorption properties of ELM-11 are almost unaffected by the adsorption conditions, except for the CO~2~ selectivity. This fact suggests that flexible MOFs with the intrinsic thermal management capability are effective for improving the efficiency of the rapid PVSA system.

Strategy for preventing the slipping-off problem {#Sec6}
------------------------------------------------

ELM-11 can exhibit superior performance in the rapid PVSA system for landfill gas separation, as described in the previous section; however, pure CH~4~ gas cannot be obtained from the system unless the slipping-off problem is solved. To show it and demonstrate our strategy for preventing the slipping-off problem, we measured the breakthrough curve of CO~2~ on ELM-11 using the two systems shown in Fig. [6a,b](#Fig6){ref-type="fig"}.Fig. 6Slipping-off problem and sequential-column system as a solution to this problem.Photographs of the column system used to measure the breakthrough curves: **a** a single-column system containing ELM-11 and **b** a sequential-column system containing ELM-11 and HKUST-1. **c**, **d** are breakthrough curves for an equimolar CO~2~/CH~4~ gas mixture in **a** and **b**, respectively. The flow rate of the gas mixture was 20 sccm, and the adsorption columns were kept at 273 K. The outlet pressure was maintained at 200 kPa.

An equimolar CO~2~/CH~4~ gas mixture at 200 kPa was flowed through a column containing ELM-11 at 273 K, which was previously heat-treated and purged with pure Ar (Fig. [6a](#Fig6){ref-type="fig"}), and the gas composition of the outlet flow from the column was determined using a quadrupole mass spectrometer. As shown in Fig. [6c](#Fig6){ref-type="fig"}, the CO~2~ fraction of the outlet stream became 0.16 after extruding the preloaded Ar \~1.5 min. This is the slipping-off phenomenon, and another step around 12 min comes from the essential breakthrough of ELM-11. The fraction of slipping-off CO~2~ obtained by the breakthrough experiment is in good agreement with *P*^gate^/*P*~t~ = 0.165, where *P*^gate^ = 33.1 kPa is the gate adsorption pressure for pure CO~2~ adsorption on ELM-11 at 273 K, and *P*~t~ = 200 kPa is the total pressure of the feed gas. This result indicates that lowering the gate adsorption pressure and/or increasing the total pressure of the feed gas can reduce the molar percentage of slipping-off gas. In fact, Horike et al. performed breakthrough experiments for CO~2~/CH~4~ and CO~2~/C~2~H~6~ gas mixtures adsorbed on solid solutions of \[Zn(5-nitroisophthalate)(4,4′-bipyridine)\]~n~ and \[Zn(5-methoxyisophthalate)(4,4′-bipyridine)\]~n~. Their results demonstrated that the gate-opening pressure and the fraction of slipping-off CO~2~ was reduced by controlling the ratio of 5-nitroisophthalate/5-methoxyisophthalate^[@CR14]^. Although their method is effective, it is probably applicable to only a limited range of flexible MOFs. Moreover, reducing the gating pressure would undermine the large working capacity and perfect regenerability, which are advantages of the flexible MOFs. Although over-pressurization of the feed gas was also suggested by Sotomayor and Lastoskie^[@CR34]^, this would consume considerable energy because, for example, to obtain pure CH~4~ gas (99.9%), the total pressure of the feed gas should be increased to 2.08 MPa by assuming the adsorption process for an equimolar CO~2~/CH~4~ gas mixture with the starting temperature of 263 K.

To prevent the CO~2~ slipping-off problem, we propose attaching a secondary column containing a conventional adsorbent that exhibits a Langmuir-type CO~2~ isotherm to a primary column filled with the flexible MOF. Although this system is similar to the one with multi-layered columns for separating a mixture of three or more components^[@CR35]^, it is based on a new strategy using multiple items to improve the efficiency of the rapid PVSA system using the flexible MOF, as described in the following sections. To demonstrate the availability of our strategy, we set HKUST-1 in the secondary column downstream of the ELM-11 column (Fig. [6b](#Fig6){ref-type="fig"}), and we measured the breakthrough curve for the CO~2~/CH~4~ gas mixture at 200 kPa and 273 K. We successfully confirmed that no slipping-off CO~2~ was detected from the outlet of the secondary column, as shown in Fig. [6d](#Fig6){ref-type="fig"}. Note that to make the system cost-effective, the amount of conventional adsorbent for eliminating slipping-off CO~2~ can be determined, with two possible cases. Case I is to determine the amount of conventional adsorbent so that the secondary column's breakthrough owing to the slipping-off CO~2~ matches the primary column's breakthrough, as shown in Fig. [7a](#Fig7){ref-type="fig"}. Namely, the amount of conventional adsorbent should be the minimum quantity necessary for removing the slipping-off CO~2~, and in this case, the outlet flow from the secondary column exhibits a two-stage breakthrough, wherein the first breakpoint is related to the slipping-off CO~2~, and the second is related to the feed gas (Fig. [7b](#Fig7){ref-type="fig"}). However, it is clear that the conventional adsorbent installed in the secondary column, which was saturated by the slipping-off CO~2~, still has a redundant capacity to adsorb CO~2~. That is, after the CO~2~ fraction in the inlet flow for the secondary column was increased from the slipping-off concentration (*P*^gate^/*P*~t~) to that of the feed flow (*y*~Feed~) owing to the primary column's breakthrough, the secondary column can be also available to remove CO~2~. Therefore, Case II should be designed to reduce the time lag between the first and second breakpoints to zero by installing a slightly larger amount of conventional adsorbent than that in Case I. This design is possible because the Langmuir-type adsorption isotherm of conventional adsorbent is convex upward (the slope of the isotherm decreases with an increasing concentration of CO~2~), and thus, the mass-transfer zone for reducing the CO~2~ fraction from *y*~Feed~ to *P*^gate^/*P*~t~ moves faster than that for reducing the CO~2~ fraction from *P*^gate^/*P*~t~ to zero (Fig. [7a](#Fig7){ref-type="fig"}). The choice between Case I and Case II should depend on the operating conditions and the characteristics of the flexible and rigid adsorbents used.Fig. 7Development of CO~2~ fraction in gas stream passing through the sequential-column system.**a** Movement of the mass-transfer zone in the primary and secondary columns containing a flexible MOF and a Langmuir-type adsorbent, respectively, where red and green lines show the CO~2~ fraction in the stream in the columns before and after the primary column breaks through, respectively. **b** Breakthrough curves at the three positions indicated by dashed lines in **a**, where "intermediate" is the outlet of the primary column, "case I" is the front of the mass-transfer zone in the secondary column when the primary column breaks through, and "case II" is the front of the mass-transfer zone when the first breakpoint just merges with the second one.

Comparison between a conventional and our proposed system {#Sec7}
---------------------------------------------------------

To verify the effectiveness of our proposed system, we compared the performance of two rapid PVSA processes: a conventional system using a single column filled with HKUST-1 and our proposed system where ELM-11 and HKUST-1 are filled in the primary and secondary columns, respectively. These systems are schematically illustrated in Fig. [8a](#Fig8){ref-type="fig"}. We assumed that the adiabatic adsorption of equimolar CO~2~/CH~4~ mixture at 500 kPa (starting temperature of 263 K) was performed under the same conditions with the rapid PVSA process investigated in this study. We determined the column length and the molar flow rate of the feed gas required to obtain the same molar flow rate of CH~4~ (product gas), *F*, for both systems by conducting material balance calculations using the "effective adsorption properties" under adiabatic conditions obtained in the former section. Note that the basic concept of the calculation is analogous to the screening method for the PVSA systems developed by Maring and Webley, which can provide a good estimation^[@CR36]^. The obtained results are shown in Fig. [8b](#Fig8){ref-type="fig"}. When we set the size of the column of the conventional system to *L*, our proposed system based on Case II only requires a primary column with a size of 0.224*L* and a secondary column with a size of 0.082*L* to accomplish the same molar flow rate of product gas, *F*. This means that our proposed system is, overall, 69% smaller than the conventional one, even though it consists of two columns. Moreover, the molar flow rate of the feed gas for our system (2.39*F*) was also found to be 62% less than that of the conventional one (6.24*F*). These results suggest that our proposed system, using the flexible MOFs, can be more efficient than the conventional system. In addition, if both systems are set to the same size, our system can process a much larger amount of gas and thus achieve a high-throughput CO~2~ separation. Note that the proposed system based on Case I is also superior to the conventional system, as demonstrated in detail in Supplementary Note 2.Fig. 8Comparison between the conventional and proposed systems.**a** Illustrations of a conventional system using HKUST-1 and our proposed system using ELM-11 and HKUST-1. **b** Comparison of column length and flow rate of feed gas required to obtain the same flow rate of product CH~4~, *F*, for the conventional system and our proposed one.

Discussion {#Sec8}
==========

Time-resolved in situ synchrotron XRPD measurements revealed that the CO~2~ gate-opening of ELM-11 can be extremely fast when *P*--*P*^gate^ is large. This should be an inherent characteristics of ELM-11 originated from its framework structure because it has been reported that, conversely, other flexible MOFs exhibit slow transitions^[@CR37]^. Moreover, it was found that ELM-11 accommodating CO~2~ responded quickly to the decrease in gas pressure; the gate-closing can be much faster than the gate-opening. This suggests that the desorption of CO~2~ is accelerated by the squeezing when the host framework shrinks and returns to the closed structure.

We also found that, owing to the intrinsic thermal management capability, ELM-11 has superior properties in terms of CO~2~ uptake, CO~2~ selectivity, CO~2~ working capacity, and regenerability under adiabatic operating conditions compared with those of HKUST-1, although HKUST-1 has a larger CO~2~ capacity under isothermal conditions. This suggests that the performance of flexible MOFs on a separation process operated under an adiabatic condition as a limit of the rapid PVSA process should be evaluated not only by the adsorption isotherms, but also by the net heat of adsorption, considering the intrinsic thermal management capability.

We proposed a sequential-column system to solve the problem of the slipping-off phenomenon with flexible MOFs and demonstrated the availability of it by measuring breakthrough curves. The proposed system with ELM-11 and HKUST-1, operating under adiabatic conditions, can produce the same amount of CH~4~ with much smaller columns and less feed than those of the conventional single-column system using HKUST-1. It is worth noting that our proposed sequential-column system is suitable for flexible MOFs showing pressure-aided fast gating because the primary column containing a flexible MOF can be designed to treat a gas mixture with a high concentration of CO~2~ or a large *P* − *P*^gate^ value. The secondary column should therefore be designed to process the slipping-off CO~2~ and to maximize the utilization of fast gating of the flexible MOFs. Further, note that filling a simple mixture of a flexible MOF and a rigid nanoporous material into one adsorption column cannot inherently solve the slipping-off problem. Mixing the materials only produces a type IV isotherm (IUPAC classification^[@CR38]^) as a sum of the gate adsorption and Langmuir-type isotherms, which cannot avoid the two-stage breakthrough of CO~2~, although a modest amount of pure CH~4~ can be obtained before the first breakthrough of CO~2~ (see Supplementary Fig. [5](#MOESM1){ref-type="media"} for more details). The efficiency of the sequential-column system can be further improved if the operations for the primary column filled with a flexible MOF and the secondary column filled with a conventional adsorbent are optimized and performed individually. This is technically feasible by installing a multi-way valve at the junction of the two columns, which enables simultaneous operations of the desorption process for the primary column and purging process for the secondary column, leading to a reduction in the total cycle time (Supplementary Fig. [6](#MOESM1){ref-type="media"}). Thus, our sequential-column system can provide a variety of options for the rapid PVSA operations. Our system is also highly customizable for other separation applications because the resolution of the slipping-off problem of flexible MOFs enables effective separation of a mixture of gases, one or both of which have high added value, such as C~3~H~6~/C~3~H~8~, C~2~H~4~/C~2~H~6~, and H~2~/CH~4~. Accordingly, we believe that our methodology provides a significant advance in the field of PVSA using solid adsorbents. Moreover, we anticipate that the intrinsic thermal management and the pressure-aided fast gating capabilities of flexible MOFs will also be useful for increasing the efficiency of TSA for CO~2~ capture, which has been comprehensively studied by Hefti et al.^[@CR39]^.

It should be also noted that, to realize rapid PVSA using the flexible MOFs, some issues must be resolved, for example, the hindrance of gate-opening by the pelletization of flexible MOFs, pellets braking owing to the gate-opening, and a pressure drop owing to the volume expansion of the pellets induced by the gate-opening. We have already started addressing these concerns, and the results will be published elsewhere.

Methods {#Sec9}
=======

Rapid PVSA process for landfill gas separation {#Sec10}
----------------------------------------------

We considered the following four elementary steps for the rapid PVSA process: (i) co-current pressurization and adsorption of an equimolar CO~2~/CH~4~ mixture at 500 kPa, (ii) co-current depressurization and rinsing with pure CO~2~ at 250 kPa, (iii) counter-current desorption at 15 kPa (a bench-scale PVSA plant for CO~2~ separation using NaX zeolite is operated at 10 kPa^[@CR40]^), and (iv) counter-current purging of remaining CO~2~ in the adsorbent with pure CH~4~ at 15 kPa.

For simplicity, we assumed that the heat transfer from the adsorbent to the mixture gas and the adsorption tower can be ignored, and that the heat transfer between the adsorbent crystals is sufficiently rapid, which should correspond to the conditions under rapid and adiabatic adsorption/desorption operations.

The following four factors were investigated to evaluate the CO~2~ separation characteristics of ELM-11 and HKUST-1:CO~2~ uptake: $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$N_{{\mathrm{CO}}_2}^{{\mathrm{ads}}}$$\end{document}$,CO~2~ selectivity: $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$S^{{\mathrm{ads}}} = (N_{{\mathrm{CO}}_2}^{{\mathrm{ads}}}/N_{{\mathrm{CH}}_4}^{{\mathrm{ads}}})/(y_{{\mathrm{CO}}_2}/y_{{\mathrm{CH}}_4})$$\end{document}$,CO~2~ working capacity: $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\mathrm{{\Delta}}}N_{{\mathrm{CO}}_2} = N_{{\mathrm{CO}}_2}^{{\mathrm{ads}}} - N_{{\mathrm{CO}}_2}^{{\mathrm{des}}}$$\end{document}$, andregenerability:$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R_{\mathrm{e}} = {\mathrm{{\Delta}}}N_{{\mathrm{CO}}_2}/N_{{\mathrm{CO}}_2}^{{\mathrm{ads}}}$$\end{document}$,

where *N*~*i*~ is the amount of component *i* adsorbed, *y*~*i*~ is the mole fraction of component *i* in the gas phase, and superscripts 'ads' and 'des' denote adsorption and desorption operating conditions, respectively.

CO~2~ and CH~4~ adsorption measurements {#Sec11}
---------------------------------------

Pre-ELM-11 was purchased from Tokyo Chemical Industry Co. and was transformed into ELM-11 by heating at 373 K for 10 h under a vacuum (\< 0.1 mPa). The adsorption isotherms of CO~2~ over the temperature range of 195--298 K and CH~4~ at 298 K on ELM-11 were obtained using a BELSORP-max (MicrotracBEL Co.) and a cryostat equipped with a two-stage Gifford--McMahon (GM) refrigerator^[@CR41]^. The sample cell temperature fluctuation was maintained within ±0.01 K during the adsorption measurements.

In situ XRPD measurements {#Sec12}
-------------------------

The in situ XRPD patterns of ELM-11 in vacuo and after adsorption of CO~2~ gas (50 kPa), CH~4~ gas (50 kPa), and an equimolar CO~2~/CH~4~ mixture gas (94 kPa) at 273 K were obtained using a SmartLab instrument with Cu Kα radiation (Rigaku Co.), which has a cryostat equipped with a single-stage GM refrigerator connected to BELSORP-18 volumetric adsorption equipment (MicrotracBEL Co.). ELM-11 was transformed from pre-ELM-11 under the same conditions mentioned above, and the sample cell temperature was kept within ±0.01 K during the XRPD measurements.

Time-resolved in situ synchrotron XRPD measurements {#Sec13}
---------------------------------------------------

The pre-ELM-11 sample was placed at the end of a 0.3-mm-diameter borosilicate glass capillary, which was attached to a stainless-steel tube with an epoxy adhesive. The sample was then evacuated for 10 h at 373 K to transform it into ELM-11. Time-resolved in situ synchrotron XRPD patterns of ELM-11 during gate adsorption of CO~2~ at 273 K were measured on the BL02B2 beamline of the SPring-8 synchrotron facility, Japan, using a large Debye-Scherrer-type diffractometer with a multi-modular system constructed with six MYTHEN detectors^[@CR42],[@CR43]^. The temperature of the glass capillary was controlled by a nitrogen gas blower at 273 K, and the wavelength of the incident X-rays was 0.099899 nm. The in situ synchrotron XRPD patterns were continuously obtained by exposing the sample for 1 s at regular intervals of 50 ms. After 4.15 s from starting the XRPD measurements, CO~2~ gas at 103 kPa filled in a gas manifold of a remote gas handling system was automatically introduced into the glass capillary in which the ELM-11 sample was maintained in a vacuum. The CO~2~ gas pressure was decreased to 41 kPa within 1 s at the latest and the pressure was rigorously kept constant during the XRPD measurements. In the case of desorption measurement, the CO~2~ gas was rapidly depressed from 100 to 3.8 kPa through a needle valve; the XRPD measurements were performed under the same conditions for the adsorption measurement. Peak intensities of the 020 reflection at 10.2° for the closed phase of ELM-11 and the 002 reflection at 6.1° for the open phase of ELM-11 were obtained by nonlinear least-squares fitting of the pseudo-Voigt function. The fractions of each phase transformed as a function of time were determined by normalizing the peak intensities by those after completion of the transition for the open phase and before gas introduction for the closed phase. For the adsorption process, the following KJMA equation^[@CR21],[@CR22]^ was fitted to the relation between the fraction transformed of the open phase and time:$$\documentclass[12pt]{minimal}
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The fitting of the KJMA equation was performed for the data after the introduction of CO~2~ gas.

Time-resolved in situ synchrotron XRPD measurements for the adsorption process on ELM-11 were also performed at 264 K for the CO~2~ pressure of 41.0 kPa, at 256 K for 40.8 kPa, at 241 K for 40.8 kPa, and at 227 K for the five constant CO~2~ pressures of 7.74, 13.0, 16.9, 31.0, and 40.8 kPa. The pressure of CO~2~, *P*, introduced into the glass capillary was controlled by preliminarily adjusting the pressure of CO~2~ dosed in the gas manifold of the remote gas handling system. The correlation between *k*, and the pressure difference between *P* and the gate-opening pressure *P*^gate^ was investigated for all the open phase data. This is formulated as follows:$$\documentclass[12pt]{minimal}
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GCMC simulations {#Sec14}
----------------

Adsorption isotherms of CO~2~ and CH~4~ on ELM-11 with the open framework structure were obtained using our own GCMC code. The Rietveld refined structure of ELM-11 at 298 K, as determined in our previous work^[@CR23]^, was used as the open framework structure. The framework atoms were fixed, and four trial moves (displacement, rotation, creation, and deletion) for CO~2~ and three trial moves (displacement, creation, and deletion) for CH~4~ were performed with the equal probabilities. The system was equilibrated at 1 × 10^7^ Monte Carlo steps, after which data were collected for another 1 × 10^7^ steps. The length of the Markov chain of 1 × 10^7^ steps corresponds to \>6 × 10^4^ trials per guest molecule. The simulation box was constructed with 3 × 3 × 2 unit cells and periodic boundary conditions were applied in the *a*, *b*, and *c* directions.

The guest--guest and guest--host interaction potential, *U*~guest~, was assumed to be the sum of the Coulombic and Lennard-Jones (LJ) potentials:$$\documentclass[12pt]{minimal}
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                \begin{document}$$U_{{\mathrm{LJ}}} = {\sum} 4 \varepsilon _{ij}\left[ {\left( {\frac{{\sigma _{ij}}}{{r_{ij}}}} \right)^{12} - \left( {\frac{{\sigma _{ij}}}{{r_{ij}}}} \right)^6} \right],$$\end{document}$$where *q*~*i*~ is the atomic charge, *ε*~0~ (8.8542 × 10^--12^ C^2^ N^--1^ m^--2^) is the permittivity in vacuum, *r*~*ij*~ is the interatomic distance, and *σ*~*ij*~ and *ε*~*ij*~ are the LJ parameters. The Ewald summation method was used to correct the long-range Coulombic interactions with a charge screening constant of 2.0 nm^--1^ and reciprocal space sum for ***k*** vectors of *L*~*a*~*/2π*\|***k***\|, *L*~*b*~*/2π*\|***k***\|, and *L*~*c*~*/2π*\|***k***\|\< 10 (where *L*~*a*~, *L*~*b*~, and *L*~*c*~ are the dimensions of the simulation box). The Lorentz-Berthelot mixing rules were applied to calculate the short-range interactions and were truncated at a cutoff distance of 1.6289 and 1.5557 nm for CO~2~ and CH~4~, respectively. The partial atomic charges of the host framework were obtained using periodic density functional theory (DFT) calculations at the GGA-PBE/DNP level and Mulliken population analysis using the DMol^3^ package^[@CR44],[@CR45]^. The universal force field (UFF)^[@CR46]^ was applied to calculate the LJ interaction term of the framework atoms by modifying the energy parameters as 0.74*ε*~UFF~^[@CR26]^. The atomic coordinates, charges, and LJ parameters of the host framework are listed in Supplementary Tables [2](#MOESM1){ref-type="media"} and [3](#MOESM1){ref-type="media"}. The interaction parameters for CO~2~^[@CR47]^ and CH~4~^[@CR48]^ are listed in Supplementary Tables [4](#MOESM1){ref-type="media"} and [5](#MOESM1){ref-type="media"}.

The adsorption isotherms for an equimolar CO~2~/CH~4~ gas mixture on ELM-11 were obtained by using the RASPA^[@CR49]^ software. We used the same settings and force fields for ELM-11, CO~2~, and CH~4~, as mentioned above.

Specific heat of ELM-11 and HKUST-1 {#Sec15}
-----------------------------------

To evaluate the specific heat of ELM-11, we conducted phonon calculations for the closed and open states of ELM-11 according to the density functional perturbation theory using the VASP^[@CR50],[@CR51]^ and PHONOPY^[@CR52]^ codes. For the calculations using VASP, we implemented projector-augmented wave method pseudopotentials^[@CR53]^ with the GGA-PBE exchange-correlation functional and 400 eV plane wave cutoffs. We used a 1 ×  1 × 1 unit cell (two primitive cells) for both the states because of the large cell size (204 and 228 atoms for the closed and open structures, respectively). The Brillouin zone of the closed state was sampled using a 3 × 3 × 2 Gamma-centred Monkhorst-Pack *k*-point mesh, and that of the open state was sampled using a 2 × 3 × 2 *k*-point mesh.

When the lattice vibrations are described by the harmonic approximation, the specific heat at constant volume, *C*~v~, can be represented as$$\documentclass[12pt]{minimal}
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                \begin{document}$$C_{\mathrm{V}} = \mathop {\sum }\limits_{{\mathbf{q}},\nu } k_{\mathrm{B}}\left( {\frac{{\hbar \omega \left( {{\mathbf{q}},\nu } \right)}}{{k_{\mathrm{B}}T}}} \right)^2\frac{{\exp \left( {\frac{{\hbar \omega \left( {{\mathbf{q}},\nu } \right)}}{{k_{\mathrm{B}}T}}} \right)}}{{\left[ {\exp \left( {\frac{{\hbar \omega \left( {{\mathbf{q}},\nu } \right)}}{{k_{\mathrm{B}}T}}} \right) - 1} \right]^2}},$$\end{document}$$where **q** is the wave vector, *ν* is the index for the phonon branch, *k*~B~ is the Boltzmann factor, *ħ* is the reduced Planck constant, *ω* is the vibrational frequency, and *T* is the temperature. Here, the specific heat at constant pressure, *C*~p~, was assumed to be equal to *C*~v~ because we assumed adsorption and desorption processes under moderate temperatures. The summation for **q** and *ν* implies the addition for all the vibrational frequencies in the phonon density of states. The obtained phonon density of states and specific heat of ELM-11 as a function of temperature are shown in Supplementary Figs [8](#MOESM1){ref-type="media"} and [9](#MOESM1){ref-type="media"}, respectively. The regular specific heat of ELM-11 in the open state at 298 K, obtained using this calculation, was 0.94 J g^−1^ K^−1^.

We fitted a polynomial function to the experimental specific heats of HKUST-1 reported by Kloutse et al.^[@CR29]^ (below 320 K) and Mu et al.^[@CR30]^ (over 333 K), and the function was integrated with respect to temperature to evaluate the heat required to change the temperature of the host framework (green plane in Fig. [5a](#Fig5){ref-type="fig"}). The parameters of the polynomial function are listed in Supplementary Table [6](#MOESM1){ref-type="media"}, and the specific heat of HKUST-1 as a function of temperature is shown in Supplementary Fig. [9](#MOESM1){ref-type="media"}. The regular specific heat of HKUST-1 at 298 K was 0.78 J g^−1^ K^−1^.

Transition enthalpy and thermal management capability {#Sec16}
-----------------------------------------------------

The transition enthalpy during gate adsorption, required in order to assess the intrinsic thermal management capability, is expressed as:^[@CR13]^$$\documentclass[12pt]{minimal}
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Hence, the net heat, *q*^net^, released by the adsorption through the gate-opening at *P* (\>*P*^gate^) is written as$$\documentclass[12pt]{minimal}
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Adsorption amounts and heat of adsorption on HKUST-1 {#Sec17}
----------------------------------------------------

The amounts of CO~2~ and CH~4~ adsorbed on HKUST-1 were evaluated using the Virial--Langmuir equation reported by Chowdhury et al.^[@CR24]^:$$\documentclass[12pt]{minimal}
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The total heat of adsorption *Q*, as depicted in Fig. [5a](#Fig5){ref-type="fig"}, was obtained using$$\documentclass[12pt]{minimal}
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Adsorption isobars and heat of adsorption on ELM-11 {#Sec18}
---------------------------------------------------

It has been reported that the logarithms of the gate opening and closing pressures of flexible MOFs should be proportional to the reciprocal temperature^[@CR54]^, and we confirmed that the gate opening and closing pressures of CO~2~ on ELM-11 also followed the relationship shown in Supplementary Fig. [7](#MOESM1){ref-type="media"}. Therefore, by using the ln*P*^gate^ vs reciprocal temperature plot, we evaluated the theoretical adsorption isobars and heats of adsorption on ELM-11 for an equimolar CO~2~/CH~4~ gas mixture at 500 kPa, pure CO~2~ at 250 kPa, pure CO~2~ at 15 kPa, and pure CH~4~ at 15 kPa, which correspond to the operating pressures used for the adsorption, rinsing, desorption, and purging processes, respectively. First, we determined the gate-opening/-closing temperatures of ELM-11 for pure CO~2~ as 335 K/341 K at 250 kPa and 256 K/262 K at 15 kPa, respectively, from Supplementary Fig. [7](#MOESM1){ref-type="media"}. Then, we assumed that the gate-opening/-closing temperatures for the equimolar CO~2~/CH~4~ gas mixture at 500 kPa were the same as those for pure CO~2~ at 250 kPa, which was based on the fact that the molar fraction of slipping-off CO~2~ could be predicted using the gate-opening pressure for pure CO~2~, as shown in Fig. [6c](#Fig6){ref-type="fig"}. Finally, we calculated the adsorption amounts of CO~2~ and CH~4~ on the open framework structure of ELM-11 and the corresponding heats of adsorption at temperatures below the gate-opening temperature using the GCMC simulations. The adsorption loadings of CO~2~ and CH~4~ and the corresponding heats of adsorption at temperatures above the gate-opening temperature were set to be zero because the closed framework structure showed no adsorption of CO~2~ and CH~4~.

Breakthrough curve measurement {#Sec19}
------------------------------

Breakthrough curves were measured using lab-made equipment consisting of three mass-flow controllers (HORIBA STEC Co.), a static gas mixer, a ∅ 9 mm glass tube as the primary column, a ∅ 6 mm glass tube as the secondary column, a bypass flow path, a back-pressure regulator, and a quadrupole mass spectrometer (CANON ANELVA Co.). The flowsheet of the apparatus is illustrated in Supplementary Fig. [10](#MOESM1){ref-type="media"}. The pre-ELM-11 sample used in this experiment was synthesized using the protocol reported by Kondo et al.^[@CR16]^ after modification: a methanol solution of 4,4′-bipyridine (1.60 [m]{.smallcaps}, 365 mL) was added to a water (200 mL)-methanol (92 mL) mixed solution of Cu(II) tetrafluoroborate (1.00 [m]{.smallcaps}) for 2 h with vigorous stirring at room temperature. After additional stirring (1 h), the reaction mixture was filtrated, and the filter cake was washed with water three times. The blue powder was dried at room temperature under a vacuum below 5 mPa for 12 h. HKUST-1 (BasoliteC 300) was purchased from Sigma-Aldrich. Pre-ELM-11 and HKUST-1 were placed in the adsorption columns and activated by heating at 393 K for 12 h under a vacuum (\< 0.1 mPa). The adsorption columns were then purged with 200 kPa of pure Ar and kept at 273 K using a thermostatic bath. Next, an equimolar CO~2~/CH~4~ gas mixture was flowed through the bypass flow path. Its flow rate was controlled to be 20 sccm (standard cm^3^ min^−1^) by the mass-flow controllers, and the system pressure was maintained at 200 kPa by the back-pressure regulator. Then, the feed stream was switched from the bypass channel to the adsorption columns side, and the gas composition downstream of the back-pressure regulator was measured using the mass spectrometer, which was calibrated using certified CO~2~/CH~4~/Ar gas mixtures before measuring the breakthrough curves.

Material balance calculations for column systems {#Sec20}
------------------------------------------------

We evaluated the column length and molar flow rate of the feed gas required to obtain the same molar flow rate of CH~4~ for conventional and sequential-column systems, including case I and case II, via material balance calculations. The details of the material balance calculations are provided in the Supplementary Method.
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